We present the numerical study of the statistical properties of the partially coherent quasi-CW high-Q cavity Raman fiber laser. The statistical properties are different for the radiation generated at the spectrum center or spectral wings. It is found that rare extreme events are generated at the far spectral wings at one pass only. The mechanism of the extreme events generation is a turbulent-like four-wave mixing of numerous longitudinal generation modes. The similar mechanism of extreme waves appearance during the laser generation could be important in other types of fiber lasers.
INTRODUCTION
Partially coherent (PC) quasi-CW fiber lasers constitutes a wide range of laser sources including Ytterbiumdoped fiber lasers (YDFLs), Bi-doped fiber lasers, Tm-doped fiber lasers, lasers based on other types of active fibers and Raman fiber lasers (RFLs). RFLs are well-known robust fiber laser sources providing almost any wavelength in the near-IR range (1.1-1.7 mkm) [1] . In addition, RFLs can easily generate multiple wavelengths simultaneously [2] , their output radiation can be tuned over a wide frequency range in an all-fiber configuration by using tunable FBGs [3, 4] or by using tunable pump source [5] . All these features make RFLs useful in various fields including supercontinuum generation [6] and medical applications [7] [8] . Recently, the visible radiation has been generated by frequency doubling of the RFL [9, 10] .
A typical feature of RFLs is a long cavity having the length starting from several meters to hundreds of kilometers [11] . Typical spectral width of output radiation is about 0.1-1 nm. Thus, the output radiation of conventional RFL consists of numerous longitudinal modes, up to 10 8 [12] . Longitudinal modes interact with each other in the long nonlinear and dispersive RFL cavity [13] . As a result, the time dynamics of the RFL is complex with non-trivial statistical properties [14] probably revealing existence of rare intense events having probability higher than prescribed by Gaussian statistics.
In general, extreme type statistics in nonlinear fiber optics has attracted a great attention since the experimental demonstration of optical rogue waves in supercontinuum (SC) generation [15] . Up to date, the extreme events statistics is observed in many optical systems including pulsed and cw pumped SC sources [16] , silicon [17] and fiber [18] Raman amplifiers, optical filamentation [19] and others.
In different systems there are different physical mechanisms attributed to the emergence of the rare intense events. The extreme events are defined by the interplay of the modulation instability, third-order dispersion and collisions of Raman-shifted solitons in SC sources [16, 20] . The formalism of Akhmediev breathers provides the sufficient advance in understanding of physics of rogue waves in optical system [21] [22] [23] including classical problems of rogue waves appearance on a water surface [24] . In Raman fiber amplifiers (RFAs) [18] and Raman parametric amplifiers [25] , the main mechanism is the exponential transfer of the intensity fluctuations from the pump wave to the signal via Raman response which can be significantly enhanced in the case of the weak walk-off parameter [18] . Similar, in the optical filamentation processes the noise transfer from the pump plays a key role [19] . Also it has been shown, that sporadic rogue waves events emerging from turbulent fluctuations as bursts of light during propagation of the optical wave along the thousands of nonlinear lengths in anoumalous dispersion fiber could exist [26] .
In the present paper , we study the emergence of intense rare events in the generation of the PC quasi-CW fiber laser on the example of the high-Q cavity RFL operating in the normal dispersion regime.
NUMERICAL MODEL
To simulate laser generation we use a model based on the NLSE:
where A is a complex field envelope, z is a coordinate, t stands for time in a frame of references moving with pump wave, vs vp are pump and Stokes waves group-velocities, β 2 , α, γ, g are dispersion, linear attenuation, Kerr and Raman coefficients, ± denotes counter-propagating waves, "s" and "p" are used for Stokes and pump waves. The complementary approach is to re-write the NLSEs set in the terms of the longitudinal modes [27] .
Several general assumptions are used in the model. First of all, we do not include in our model such processes as SBS and Rayleigh scattering as they do not contribute sufficiently to the generation of conventional RFL having the cavity based on the fiber Bragg gratings (FBGs). However, the Rayleigh scattering should be taken into account if one would like to describe the generation properties of recently developed random distributed feedback fiber lasers [28] operating via Raman-amplified distributed Rayleigh backscattering and having no FBGs. We also assume that Raman gain is instantaneous, thus the model can not describe any time dynamics faster than 1 ps as the typical Raman response time is about 100 fs. Raman gain is wavelength independent in our model as typical spectrum width (1 nm) is much less than typical Raman gain scale (10 nm). We have checked that taking into account the Raman gain dependence on wavelength does not affect main results obtained in this paper.
In the laser cavity, two counter-propagating waves are simultaneously and self-consistently generated, and one needs to know intensities of both waves to calculate their values at the next numerical step. Totally, there are 4 coupled NLSEs for pump and Stokes waves. We can simplify machinery by averaging the intensities of counterpropagating waves since these waves move fast with regard to each other thus do not contributing to the spectral broadening inducing time independent phase incursion only. After that, we integrated Eqs. along z using iterative approach, i.e. when integrating equations for A+s,p we used A-s,p obtained on previous iteration, and vice versa. Similar approach is used in [29] [30] [31] .
The following fiber parameters were used in simulations: αp = 0.5 (km) -1 , αs = 0.83 (km) -1 , β2p = 17.9 ps 2 /km, β2s=7.17 ps 2 /km, γs=3 (km W) -1 , gs=1.3 (km W) -1 , laser cavity length L=370 m, pump power 3 W. Laser mirrors were modeled by super-gaussian FBGs of 0.5 nm width. We used white noise as initial conditions for Stokes wave (1 photon with random phase in each mode). Results of modeling do not depend on grid size at least in the range of 2 12 -2 20 grid points. We have checked that nor decreasing the time steps, nor increasing the window affect the results.
Effectively, we model the laser generation by using the propagation equations instead of solving the boundary value problem. From this point of view, our system seems to be like a Raman amplifier. However, it is really different because we deal with the laser generation, but not a signal amplification that results in a different physical mechanisms responsible for the properties of the generated radiation. In particular, in our case of the laser generation the exponential transfer of the fluctuations from the pump wave to the generation wave (XPM between pump and Stokes waves) has no influence on the temporal and statistical properties of the generated radiation well above the generation threshold what has been carefully checked. The corresponding term proportional to γAsAp 2 could be omitted in equations.
SPECTRAL AND STATISTICAL PROPERTIES
The generation spectrum well above the threshold is wider than the spectral profiles of the FBGs, Fig. 1 . Thus, there are two principally different parts in the spectrum: The central part and the spectral wings. As the FBGs are highly reflective, the central part of the spectrum propagates over many cavity passes. Turbulent-like four-wave mixing processes [13] lead to the generation of far spectral wings. Being detuned from the spectrum centre more than FBGs width, the far spectral wings leave the cavity at each laser mirror and, therefore, are generated at one fiber pass only. The statistical properties of the intra-cavity radiation in general should be defined mainly by the central part rather than by the spectral wings as the power in the central part is several times higher than the power in the wings. On the contrary, the statistical properties of the output radiation should be defined mainly by the spectral wings as the central part is filtered out by the FBG. We found that the statistical properties are sufficiently different for the intra-cavity and output spectrum, Fig.2a, i .e. the statistical properties of the radiation generated at one pass and many cavity passes are different. The intensity auto-correlation function (ACF) confirms the different nature of intra-cavity and output radiation, Fig. 2b . Note that the difference in statistical properties of incident and reflected back from the FBG radiation has been pointed in [29] .
The intensity PDF of the intra-cavity radiation is sufficiently non-exponentional revealing that correlations between different longitudinal modes do exist [14] . Using the rectangular spectral filters of different spectral widths and spectral positions (the filter 1 is centered at the spectrum center, the filter 2 is detuned by 1 nm from the spectrum center), we calculate the intensity PDF of specific part of the generation spectrum. It is found that the intensity PDF of the modes generated on the flat top at the spectrum center is exponential, Fig. 3a Increasing the filter width, the PDF becomes more and more non-exponential, compare Fig. 3a with gray curve Fig. 2a (corresponds to full spectral window, i.e. ~5 nm filter). Therefore, neighboring longitudinal modes at the central part of the spectrum are generated independently, i.e. they are uncorrelated. Contrary to the intuitive consideration that in the dispersive media closely spaced spectral components are more likely to be correlated than far away spaced components, exactly distant spectral components have to be correlated in the RFL. A physical reason of such far correlations is unclear. Fig. 3 Intensity PDF of the modes filtered out from the (a) spectrum center and (b) spectral wing (filter is detuned by 1 nm from the spectrum center). Filters spectral full widths are 0.1 nm (black) and 0.5 nm (gray).
Intensity PDF of spectral components at far spectral wings are sufficiently non-exponential revealing the existence of intense rare events having the probability higher than probability defined by the Gaussian distribution, Fig. 3b . The extreme rare events are more pronounced in the output radiation of the high-Q cavity RFL. The self-filtering of extreme events by the laser mirror is similar to the spectral filtering approach used previously in Raman fiber amplifiers [32] .
The temporal behavior of the total intra-cavity radiation is irregular with some rare events having the amplitude several times higher than the mean value, Fig.4a . The intensity evolution of the radiation within the narrow spectral region at the spectrum center is similar, Fig. 4b . Such intensity evolution is typical for stochastic signal which consists of many independently generated modes obeying the Gaussian distribution.
The output radiation comprises the events having the amplitude >100 times higher than the average output power in the given spectral region, Fig.4c . Note, that extreme events could be seen in the total radiation (compare, for example, pikes near 3700 ps at Fig. 4a and Fig. 4c) , having amplitude > 6 times higher than total average power. The typical temporal width of the extreme rare event at the laser output is ~10 ps, see ACF at Fig. 2b , that makes difficult their direct detection in real-time as these events are generated irregularly.
The extreme rare events are generated in RFL at far spectral wings thus being generated in one fiber pass only. However, the physical mechanism of rare events emergences in RFL is different from those observed in RFA. In an amplifier, the signal propagating along the fiber acquires the intensity fluctuations from the pump wave which can be evolved into the extreme pulses under conditions of self-induced modulation instability [18] . Contrary, the noise transfer from the pump wave to the generation wave has no influence on statistical properties of RFL. The rare events are generated in turbulent four-wave mixing interaction of numerous longitudinal modes and located at far spectral wings that could be potentially described using the formalism of a weak wave turbulence that should be further investigated.
In the RFL the pump wave is sufficiently depleted that is taken into account by the simultaneous modeling of NLSEs for the generated and the pump wave. However, the strong depletion of the pump wave does not imply the Fig. 4 (a) The time dynamics of the total intra-cavity radiation as well as radiation generated within the 0.5 nm spectral width at the (b) spectrum center and (c) far spectral wing. restrictions on the PDF: the intensity PDF tails in RFL does not asymptotically approach the pump wave exponential PDF as opposite to the case of RFA where the pump depletion plays a critical role [33] .
CONCLUSION
To conclude, using the NLSE-based numerical modeling, we have found that the radiation of partially coherent quasi-CW RFL consist of two different parts which have different statistical properties. The central spectral part of the radiation comprises longitudinal modes being uncorrelated on small wavelength detunings. A physical mechanism of far spectrally detuned mode correlations should be further clarified. Far spectral wings are generated at one fiber pass only. The intensity PDFs of spectral wings reveal the existence of extreme rare events. As the extreme rare events are generated at far spectral wings, they are more pronounced at the laser output being self-filtered out by laser mirrors. The main physical mechanism of extreme event emergence in Raman fiber laser is turbulent-like four-wave mixing processes between numerous longitudinal modes in generation. The similar mechanism of extreme waves appearance during the laser generation could be important in other types of fiber lasers including random distributed feedback fiber lasers operating via Raman [28] or Brillouin [34] gain.
